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ABSTRACT 



Campylobacter concisus is an emerging pathogen that has been associated with gastrointestinal dis- 
eases. Given the importance of autophagy for the elimination of intracellular bacteria and the sub- 
version of this process by pathogenic bacteria, we investigated the role of autophagy in C. concisus 
intracellular survival. Gentamicin protection assays were employed to assess intracellular levels of C. 
concisus within Caco-2 cells, following autophagy induction and inhibition. To assess the interaction 
between C. concisus and autophagosomes, confocal microscopy, scanning electron microscopy, and 
transmission electron microscopy were employed. Expression levels of 84 genes involved in the 
autophagy process were measured using qPCR. Autophagy inhibition resulted in two- to four-fold 
increases in intracellular levels of C. concisus within Caco-2 cells, while autophagy induction 
resulted in a significant reduction in intracellular levels or bacterial clearance. C. concisus strains 
with low intracellular survival levels showed a dramatic increase in these levels upon autophagy 
inhibition. Confocal microscopy showed co-localization of the bacterium with autophagosomes, 
while transmission electron microscopy identified intracellular bacteria persisting within autopha- 
gic vesicles. Further, qPCR showed that following infection, 13 genes involved in the autophagy pro- 
cess were significantly regulated, and a further five showed borderline results, with an overall 
indication towards a dampening effect exerted by the bacterium on this process. Our data collec- 
tively indicates that while autophagy is important for the clearance of C. concisus y some strains 
may manipulate this process to benefit their intracellular survival. 

© 2014 The Authors. Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies. This 
is an open access article under the CC BY-NC-ND license (http://creativecommons.Org/licenses/by-nc-nd/3.0/). 



1. Introduction 

Autophagy is a mechanism by which cells degrade unnecessary 
or dysfunctional components using the lysosome [1]. It can be 
broadly divided into three categories: (i) macroautophagy, (ii) 
microautophagy, and (iii) chaperone-mediated autophagy [1], of 
which macroautophagy (referred to throughout as autophagy) 
can mediate and control bacterial clearance through lysosomal 
degradation. Following the induction of autophagy, the omega- 
some, a cup-shaped structure, is formed from the endoplasmic 
reticulum [2]. The isolation membrane subsequently grows and 
matures to engulf cytoplasmic components in a process known 
as elongation. The membrane then closes to form the autophago- 
some, a structure with a double membrane. The outer membrane 
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of the autophagosome subsequently fuses with a lysosome to form 
an autolysosome [2]. Finally, lysosomal hydrolytic enzymes, 
including cathepsins (proteases) and lipases, degrade the intra- 
autophagosomal components and the inner membrane of the 
autophagosome [2-4]. 

Little is known about the intracellular survival of Campylobacter 
species and their interactions with the autophagy process of host 
cells. One mechanism that has been identified for Campylobacter 
jejuni is the uptake by a vacuole-like compartment [5], now known 
as the Campy /obacter-containing vacuole (CCV), which diverges 
from the normal endocytic pathway within epithelial cells [6]. 
The CCV has been found to avoid delivery into lysosomes, however, 
its ability to do so is reliant upon the entry mechanism of C. jejuni 
[7]. More recently, Buelow et al. determined that the Campylobacter 
invasion antigen involved in Intracellular survival (Cial), which is 
secreted by the type III secretion system, prevents the delivery of 
the CCV to lysosomes [8]. In regards to interactions with the 
autophagy process, Sun et al. found that mTOR (mammalian target 
of rapamycin) signaling, which controls autophagy, mediates 
C. jejuni induced colitis in IL-10 _/ " mice independent of T-cell 
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activation [9]. Significantly, upon exposure to the autophagy indu- 
cer rapamycin, the authors showed that C. jejuni infiltration in the 
colon and spleen was dramatically reduced. 

Campylobacter concisus is an emerging gastrointestinal patho- 
gen, which has been associated with acute gastroenteritis, inflam- 
matory bowel diseases (IBD) and Barrett's esophagus [10-16]. A 
recent study by Nielsen and colleagues reported a high incidence 
of C. concisus, almost as high as that of C. jejuni/C. coli, in patients 
with gastroenteritis from a mixed urban and rural community in 
Denmark [17]. Moreover, in a follow-up study [18], the authors 
found that 80% of C. concisus patients and only 32% of C. jejuni/C. 
coli patients had diarrhea for >2 weeks. Significantly, 6 months fol- 
lowing diagnosis, while no patient previously diagnosed with 
C. jejuni/C. coli had microscopic colitis, 12% of patients infected 
with C. concisus were diagnosed with microscopic colitis, providing 
further support for an association between C. concisus and chronic 
intestinal diseases [14,16]. 

Studies on C. concisus have shown that the invasive potential of 
C. concisus strains isolated from chronic intestinal diseases (includ- 
ing IBD) are more than 500-fold higher than C. concisus strains iso- 
lated from acute intestinal diseases and a healthy subject [19,20]. 
On further investigation a plasmid containing several virulence 
determinants was identified that potentially could be responsible 
for the heterogeneity in the invasive ability of C. concisus strains 
[19]. However, more recently, in depth investigation of this plas- 
mid has revealed that only a conserved fragment containing four 
genes was specific to the invasive strains, and that this fragment 
is more likely to be involved in intracellular survival rather than 
internalization into host cells [21]. Thus, in the current study, we 
investigated the ability of C. concisus to survive intracellular^ in 
host intestinal cells through the manipulation of the autophagic 
system and the use of standard and modified gentamicin protec- 
tion assays, confocal microscopy, scanning and transmission elec- 
tron microscopy and qPCR. 

2. Results and discussion 

2.1. Effect of autophagy inhibition on intracellular levels of C. concisus 

Following infection of intestinal epithelial cells, the intracellular 
levels of C. concisus have been shown to vary significantly between 
strains, with some strains having up to 500-fold more intracellular 
bacteria [19,20]. Numerous studies have detailed the importance of 
the autophagy genes ATG16U and IRGM in combating and destroy- 
ing intracellular pathogens such as Salmonella enterica serovar 
Typhimurium and Mycobacterium tuberculosis [22-25]. Thus, we 
studied the role of autophagy in governing the intracellular levels 
of C. concisus within intestinal epithelial cells. To obtain a MOI that 
would provide an optimal level of bacterial entry into host cells 
whilst not resulting in a significant amount of host cell death, we 
investigated the toxicity of C. concisus to host cells. The viability 
of host cells exposed to C. concisus at a MOI of 100, 200, 500 and 
800 were determined to be 94.0 ± 0.2%, 88.2 ± 2.0%, 63.8 ± 3.3% 
and 50.9 ± 0.3%, respectively, when compared to a viability of 
99.0 ± 0.6% for the non-infected control. We also determined the ef- 
fect of atmosphere on C. concisus internalization by incubating the 
infection plate under aerobic and microaerobic conditions. This 
showed no significant difference in invasion levels between the 
two conditions. As a result, aerobic incubation of the infection plate 
and a MOI of 200 were chosen for the gentamicin protection assays. 

The intracellular levels of C. concisus UNSWCD 6 h post-infec- 
tion were similar to previous results obtained for this strain 
[19,20], with the intracellular percentage (number of internalized 
bacteria/number of bacteria added) of the bacterium being 
0.44 ± 0.04% (Fig. 1), and the total number of intracellular bacteria 
being 5.1 x 10 5 ± 1.0 x 10 5 CFU ml -1 within the 5 x 10 5 host cells 



seeded onto the plate. This level of invasion is similar to levels of 
invasion observed for C. jejuni [26]. Upon addition of the autophagy 
inhibitor 3-MA at a concentration of 5 mM, the intracellular level 
of C. concisus UNSWCD increased approximately 2.2-fold. The addi- 
tion of lOmM 3-MA showed an even greater increase (approxi- 
mately 3.5-fold, intracellular percentage: 1.54 ±0.08%) in 
intracellular bacteria (Fig. 1). These findings were confirmed by 
employing alternative autophagy inhibitors, whereby the intracel- 
lular levels of C. concisus UNSWCD increased 2.0 and 2.8-fold upon 
inhibition of autophagy with lOnM banTomycin A-l and 100 nM 
wortmannin, respectively (Fig. 1). Statistical analysis performed 
through a One-way ANOVA with a Dunnett's post hoc test showed 
a statistically significant increase (P < 0.05) for 5 and 10 mM 3-MA, 
lOnM banTomycin A-l and lOOnM wortmannin when compared 
to the non-treated control. 

To investigate this further, three additional C. concisus strains 
previously shown to have naturally low intracellular percentages 
of bacteria (ATCC 51562: 0.00048 ± 0.00016%; UNSWCS: 
0.00059 ±0.00015%) or with no invasion (BAA-1457) were em- 
ployed. Interestingly, upon addition of 10 mM 3-MA, the intracellu- 
lar percentages of these strains significantly increased (P < 0.0001 ) 
to levels observed for UNSWCD (ATCC 51562: 0.51 ±0.06%; 
UNSWCS: 0.72 ± 0.14%; BAA-1457: 0.66 ± 0.09%) (Fig. 2). We then 
examined whether host adaptation may have a similar effect on 
the intracellular levels of C. concisus by using bacteria that internal- 
ized into host cells for the invasion assay (re-invasion). This was 
performed for C. concisus UNSWCS (0.00059 ± 0.00015%), a strain 
with low levels of invasion. This showed that upon re-invasion of 
host-adapted isolates, the intracellular percentage increased 
approximately 8.6-fold to 0.0051 ± 0.0009%. A further attempt at 
re-invasion of internalized isolates did not alter the intracellular 
percentage (0.0045 ± 0.0011%), and a third re-invasion resulted in 
isolates with gentamicin resistance. These findings would suggest 
that the autophagy process is one of the primary regulators of 
intracellular levels of C. concisus strains with low invasion 
percentages. 

The compounds 3-MA and wortmannin act by blocking phos- 
photidyl-inositol-3-kinase activity, while banTomycin A-l inhibits 
vacuolor ATPase all of which result in autophagy inhibition [27]. 



400 




Fig. 1. Relative intracellular percentage of C. concisus UNSWCD following autophagy 
inhibition and induction. Errors are presented as Standard Error of the Mean (SEM) 
based on a minimum of four biological replicates. 3-MA: 3-methyladenine; CQD: 
50 uM chloroquine diphosphate; rapamycin: 200 nM rapamycin. 
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Fig. 2. Intracellular percentage of C. concisus UNSWCS, ATCC 51562 and BAA-1457 
following autophagy inhibition. Errors are presented as Standard Error of the Mean 
(SEM) based on a minimum of four biological replicates. 3-MA: 10 mM 3- 
methyladenine. 



Given the importance of autophagy in eliminating intracellular 
pathogens, it would be expected that if this pathway is involved 
in the pathogenesis of C. concisus, inhibition of this process would 
result in increased levels of intracellular C. concisus. Strikingly, 
while the strain with high invasion showed a 3.5-fold increase, 
strains with low or no invasion into host cells showed a dramatic 
increase (>1 000-fold) in intracellular levels upon inhibition of 
autophagy. In support of this finding, a study by Lapaquette et al. 
showed that siRNA-mediated knock down of ATG16U or IRGM in 
HeLa cells resulted in increased proliferation of adherent and inva- 
sive Escherichia coli [22]. 

2.2. Effect of autophagy induction on intracellular levels ofC. concisus 

Addition of the autophagy inducer rapamycin (200 nM) and the 
autophagy modulator CQD (50 uM) resulted in significant de- 
creases (P < 0.0001 ) in intracellular levels of C. concisus UNSWCD, 
with the intracellular percentage being 0.0007 ± 0.0001% and 0%, 
respectively (Fig. 1). Rapamycin, is a known inducer of autophagy 
through its action on mTOR. Induction of autophagy by this com- 
pound resulted in the highly invasive strain UNSWCD having intra- 
cellular levels similar to those of the low invasive strains ATCC 
51562 and UNSWCS. The effect on C. jejuni intracellular survival 
is less pronounced, with a 75% reduction in survival being seen 
in murine embryonic fibroblasts and HT-29 cells induced to under- 
go autophagy with rapamycin [28]. A similar concentration of rap- 
amycin used in a study by Yuan et al. on Pseudomonas aeruginosa 
yielded total bacterial clearance [29]. Moreover, Wang et al. 
showed rapamycin could inhibit the multiplication of Helicobacter 
pylori at 6 and 12 h post infection of THP-1 cells [30]. 

CQD plays a more complex role in the cell having been associ- 
ated with stimulation of autophagosome formation. It has also 
been shown to accumulate inside lysosomes leading to inhibition 
of lysosomal enzymes [31]. Addition of CQD resulted in complete 
bacterial clearance, a finding that is supported by a study by 
Oelschlaegear et al. which found a reduction in the intracellular 
survival of C. jejuni, E. coli, Citrobacter freundii and S. Typhimurium 



upon addition of CQD [32]. The authors of this study suggested that 
the most likely cause of this was the intracellular accumulation of 
CQD to bactericidal concentrations [32]. To determine if this was 
the case we investigated the effect of CQD on the viability of 
C. concisus UNSWCD. While this compound resulted in a decrease 
in bacterial numbers of up to 1.2 log (25 uM CQD), 1.7 log 
(50 uM CQD) and 2.8 log (100 uM CQD), it did not result in 
bacterial clearance. Moreover, while the viability of the host 
cells exposed to 50 uM CQD for 14 h significantly decreased to 
75.2 ± 2.0% when compared to the non-induced control 
(98.8 ± 0.6%), this could not fully explain the lack of intracellular 
bacteria in Caco-2 cells exposed to CQD. To investigate this further, 
we visualized the Caco-2 cells exposed to 50 uM CQD using scan- 
ning electron microscopy, and found cellular protrusions (blebs) 
on the apical membrane surface (Fig. 3B, C) that were not present 
in the negative control (Fig. 3 A). The regions surrounding these 
protrusions showed a significant decrease in microvilli abundance 
(Fig. 3B, C). These findings are supported by a study by Fan et al. 
which reported exposure to high concentrations of CQD to result 
in vacuolation and blebbing in A549 lung cancer cells [33]. Thus, 
although cellular alterations and toxicity as a consequence of CQD 
exposure will result in a significant decrease in intracellular levels 
of C. concisus, the effects that CQD exerts on autophagy are also 
likely to be involved in the complete bacterial clearance observed. 

These results collectively indicate that the host autophagy pro- 
cess controls the intracellular levels of C. concisus, and that some 
strains of this bacterium have the ability to overcome or manipu- 
late this process. To confirm our findings, we then investigated this 
phenomenon further by visualizing C. concisus infection through 
confocal microscopy and transmission electron microscopy. 

2.3. Co-localization of C. concisus with autophagosomes 

Autophagosomes were detected through the presence of LC3B 
in Caco-2 cells distributed within the cytoplasm and near the 
membrane regions of the cells (Fig. 4A), indicating that autophagy 
is an active process that normally occurs within Caco-2 cells. Inhi- 
bition of the autophagy process using 3-MA at 5 and lOmM re- 
sulted in downregulation of autophagosome formation in Caco-2 
cells (Fig. SI). In contrast, the density of LC3B detected following 
induction of autophagosomes with 50 uM CQD was higher than 
that observed in the Caco-2 cells without chemical treatment 
(Fig. SI), consistent with the activity of these compounds. Follow- 
ing infection of Caco-2 cells with C. concisus UNSWCD, the bacte- 
rium was found to co-localize with LC3B (Fig. 4B-I). Moreover, 
some cells were found to be hyperinfected by C. concisus UNSWCD 
(Fig. 4F, J). Calculation of the co-localization coefficient for the C. 
concisus antibody and the LC3B antibody showed the coefficient 
to range from 0.54 to 0.90, indicating that significant co-localiza- 
tion between the two antibodies existed. The fact that C. concisus 
UNSWCD interacts with the autophagosome, provides further evi- 
dence that autophagy is involved in the intracellular survival of C. 
concisus within host cells, and raises the possibility that C. concisus 
could employ autophagy to survive intracellularly. A similar 
observation has been made with C. jejuni, with the bacterium 
co-localizing with GFP-LC3-labeled structures consistent with 
autophagosomes [28]. In a recent study, Lam et al. reported that 
Listeria monocytogenes co-localizes with LC3 [34], a finding that 
led them to suggest that this co-localization gives rise to spacious 
Listena-containing phagosomes, membrane-bound compartments 
that harbor slow-growing bacteria associated with persistent 
infection [34]. 

Further, the association between C. concisus infection and the 
autophagy process was visualized in more detail using TEM. Obser- 
vation of the TEM images showed the bacterium to be densely 
stained and to have spiral shaped morphology (Fig. 5 A, B). The 



304 



J A. Burgos-Portugal et aL/FEBS Open Bio 4(2014) 301-309 




Fig. 3. Scanning electron microscopy images of Caco-2 cells without (A) and with chloroquine diphosphate treatment (B, C). Following treatment of Caco-2 cells with 50 uM 
CQD, cellular protrusions/blebs (indicated by an asterisk) were induced on the apical membrane surface of Caco-2 cells. 
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Fig. 4. Visualization of the co-localization of C. concisus with autophagosomes using confocal microscopy. (A) Untreated Caco-2 cells, (B-J) Caco-2 cells infected with C. 
concisus UNSWCD. LC3B was stained in red, C. concisus was stained in green. C. concisus UNSWCD was found to aggregate and adhere to Caco-2 cells, internalize into Caco-2 
cells, and co-localize with the LC3B antibody (B-J). 



dimensions of C. concisus UNSWCD were 4 um long x 0.5 um wide 
(Fig. 5A, B), which is consistent with previous reports on the size of 
the bacterium. An outer layer around the bacterium was identified 
(Fig. 5A, B), that may correspond to the formation of a capsule as 



has been shown in C. jejuni [35]. TEM images of Caco-2 cells not in- 
fected with the bacterium showed typical characteristics such as 
microvilli on the apical membrane surface and vacuolar compart- 
ments with no darkly stained material between the apical 
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Fig. 5. Transmission electron microscopy images of Campylobacter concisus 
UNSWCD. (A) The bacterium is densely stained, showing spiral shaped morphology. 
(B) The dimensions of C. concisus UNSWCD appears to be 4 um long x 0.5 um wide. 
There appears to be an outer layer forming around the bacterium indicated by 
arrows. 



membrane surface and the nucleus (Fig. 6A). At the initial stages of 
infection with C. concisus UNSWCD, Caco-2 cells appeared more 
rounded than non-infected cells (Fig. 6B). Infected cells contained 
a higher number of vacuoles (Fig. 6B, C), lysosomes showing a 
one layered membrane encapsulating dense granular material 
(Fig. 6D), and internalized bacteria (densely stained) in close asso- 
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Fig. 6. Transmission electron microscopy images of Caco-2 cells reflecting the 
initial stages of Campylobacter concisus UNSWCD infection. (A) Image shows 
characteristics of a Caco-2 cell. Microvilli are observed on the apical membrane 
surface, vacuolar compartments with no cellular material can be found between the 
apical membrane surface and the nucleus (Nu). (B) Image of a Caco-2 cell infected 
by C. concisus UNSWCD. Notable characteristics include lysosomal compartments, 
vacuoles and a Campy/obacter-containing vacuole. (C) High magnification image of a 
Caco-2 cell vacuole. A granular compartment can be seen inside the vacuole. (D) 
High magnification image of two lysosomes showing a one layered membrane 
encapsulating dense granular material. (E) High magnification image of Caco-2 cell 
mitochondria and a densely stained bacterium. The mitochondria show a clear 
cristae lining and appear close to a bacterial cell, which may suggest a possible 
association between mitochondria and C. concisus UNSWCD in the formation and 
maturation of autophagosomes. (F) C. concisus UNSWCD within Caco-2 cells inside a 
Campy/obacter-containing vacuole. 



ciation with mitochondria (Fig. 6E). Moreover, some internalized 
C. concisus UNSWCD cells were found to be inside a vacuole 
(Fig. 6F), most likely to be a Campy/obacter-containing vacuole 
[6]. This vacuole compartment may allow C. concisus UNSWCD to 
persist intracellular^, as this CCV was found closer to the basolat- 
eral end. Such a defensive mechanism to evade lysosomal degrada- 
tion has been previously identified for C. jejuni [7]. More recently, 
Bouwman et al. have demonstrated that intracellular C. jejuni can 
reside in membrane-bound CD63-positive cellular compartments 
[36]. Thus, it would be of interest to determine if compartments 
containing C. concisus were also CD63 positive. 

C. concisus UNSWCD cells found in close proximity to mitochon- 
dria were encapsulated by a fine layer (Fig. 7A, B), which could be 
indicative of early stage phagosome formation in Caco-2 cells. Fil- 
ament arrangements were also identified near the bacterium 
(Fig. 7B, C). C. concisus UNSWCD were found to associate with auto- 
phagosomes showing a fine double membrane, one of their distinct 
characteristics (Fig. 7D). They were also found in close proximity to 
intermediary phagosomes (Fig. 7E), and in fusion with larger 
phagosomes containing both a vacuole compartment and an inter- 
mediary phagosome (Fig. 7F, G). Moreover, C. concisus UNSWCD 
can be found inside autophagolysosomes with dense granular 
material (Fig. 7H, I), in some cases its spiral morphology being still 
detectable (Fig. 71). 

It is apparent through the evidence provided based on both con- 
focal microscopy and TEM that C. concisus internalization is associ- 
ated with the autophagy process, suggesting the bacterium may 
manipulate the process to persist within epithelial cells. 

2.4. Modulation in the expression of genes involved in autophagy by C. 
concisus 

Given the role of autophagy in modulating the intracellular lev- 
els of C. concisus and possible evasion of some strains of autoph- 
agy-mediated killing, we analyzed the effect of C. concisus 
UNSWCD infection on the gene expression of 84 genes involved 
in autophagy. Out of the 84 genes analyzed, three genes were 
found to be significantly upregulated and 16 genes were found to 
be downregulated (10 significant, 6 borderline) (Table 1, Table 
SI). Interestingly, the collective level of regulation of these genes 
suggested that C. concisus exerts a weak inhibitory/dampening ef- 
fect on the autophagy process (approximately 80% of normal lev- 
els), suggesting that the bacterium exerts some level of 
manipulation on the process. Moreover, the downregulation of 
both FADD (associated with caspase 8 [37]) and BAX (accelerates 
apoptosis [38]), suggests that host cells infected with C. concisus 
downregulate autophagy-related apoptosis. 

Genes involved in the regulation of autophagy by the host cell 
appeared to be downregulated through the effect on the genes 
IGF1, MAPK14 and HDAC1 (Table 1). Both IGF1 and MAPK14 have 
been shown to be inhibitors of autophagy [39,40]. However, this 
downregulation is not limited to inhibitors of autophagy. HDAC1 
is a histone deacetylase that has also been shown to induce auto- 
phagic gene expression in mice [41 ], indicating that host regulation 
of the autophagy process as a whole is affected by the bacterium. 

In mammalian cells, autophagy-related proteins can be divided 
into five subgroups: the ULK1 protein-kinase complex, the ATG9- 
WIPI complex, the Vps34-beclinl class III phosphoinositide 3 
(PI3)-kinase complex, the Atgl2 conjugation system, and the LC3 
conjugation system [2]. Atg9b and WIPI1, two components of the 
ATG9-WIPI complex, which is involved in the nucleation of auto- 
phagic vesicles [2], were shown to be downregulated upon infec- 
tion with C. concisus (Table 1). Moreover, AMBRA1, a positive 
regulator of beclinl -regulated autophagy through its association 
with the Vps34-beclinl class III PI3-kinase complex, was also 
downregulated. This complex has also been associated with 
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Fig. 7. Visualization of the internalization of C. concisus into Caco-2 cells using transmission electron microscopy. (A) C. concisus UNSWCD invading inside Caco-2 cells shown 
in cross section measuring 0.5 urn wide. The bacterial cell appears to be in close proximity to a mitochondrion with a fine layer surrounding them. (B) A membrane forms 
around internalized C. concisus UNSWCD. A fine layer surrounds the bacterium alongside mitochondria and could be indicative of early stage phagosome formation in Caco-2 
cells. (C) The appearance of fine filament arrangements close to the bacterium. (D) C. concisus UNSWCD associated with an autophagosome showing a double membrane. (E) 
C. concisus UNSWCD shown in cross section (0.5 um wide) in close proximity to an intermediary phagosome. The bacterium appears to be within a vacuole. (F) C. concisus 
UNSWCD shown in cross section (0.5 urn wide). The bacterium is shown in close proximity with a vacuole compartment forming one large phagosome. (G) High 
magnification image of the bacterium fusing with a vacuole compartment. (H) C. concisus UNSWCD (0.5 um wide) observed inside an autophagolysosome containing dense 
granular material. (I) A Caco-2 cell showing a clear apical membrane surface with microvilli. C. concisus UNSWCD which has maintained its spiral morphology is visualised 
inside an autophagolysosome. 



Table 1 

Genes within the autophagy pathway that are regulated upon infection with C. concisus UNSWCD. Three biological replicates from each of the non-infected and infected cells were 
analyzed. 



Gene 


Gene name 


Refseq 


Fold change 


P-value 


95% CI 


BID 


BH3 interacting domain death agonist 


N1VL001196 


1.0876 


0.025435 


(1.04, 1.14) 


CDKN2A 


Cyclin-dependent kinase inhibitor 2A 


NM_000077 


1.0926 


0.025666 


(1.04, 1.15) 


MAP1LC3B 


Microtubule-associated protein 1 light chain 3 beta 


N1VL022818 


1.2697 


0.018016 


(1.12, 1.42) 


AMBRA1 


Autophagy/beclin-1 regulator 1 


NM_017749 


0.7142 


0.016645 


(0.59, 0.84) 


ATG4B 


ATG4 autophagy related 4 homolog B 


NM_1 78326 


0.7888 


0.0155 


(0.69, 0.88) 


ATG7 


ATG7 autophagy related 7 homolog 


NM_006395 


0.8017 


0.012916 


(0.72, 0.88) 


ATG9B 


ATG9 autophagy related 9 homolog B 


NM_1 73681 


0.7497 


0.034192 


(0.60, 0.90) 


BAX 


BCL2-associated X protein 


NM_004324 


0.8035 


0.030812 


(0.70, 0.91) 


CTSD 


Cathepsin D 


NM_001909 


0.8572 


0.011508 


(0.80, 0.91) 


CTSS 


Cathepsin S 


NM_004079 


0.6649 


0.059751 


(0.45, 0.88) 


FADD 


Fas (TNFRSF6)-associated via death domain 


N1VL003824 


0.6378 


0.051529 


(0.46, 0.82) 


GABARAPL1 


GABA(A) receptor-associated protein like 1 


N1VL031412 


0.9124 


0.021973 


(0.87, 0.96) 


HDAC1 


Histone deacetylase 1 


NM_004964 


0.8204 


0.002512 


(0.78, 0.86) 


HSPA8 


Heat shock 70 kDa protein 8 


NM_006597 


0.798 


0.019944 


(0.70, 0.89) 


IGF1 


Insulin-like growth factor 1 


NM_000618 


0.4878 


0.088337 


(0.15, 0.83) 


LAM PI 


Lysosomal-associated membrane protein 1 


NM_005561 


0.8166 


0.067864 


(0.70, 0.93) 


MAPK14 


Mitogen-activated protein kinase 14 


N1VL001315 


0.8875 


0.064372 


(0.81, 0.97) 


TGFB1 


Transforming growth factor, beta 1 


NM_000660 


0.7209 


0.029435 


(0.57, 0.88) 


WIPI1 


WD repeat domain, phosphoinositide interacting 1 


NM_017983 


0.8357 


0.057777 


(0.72, 0.95) 



autophagosome nucleation [2]. The LC3 conjugation system was 
also affected by C. concisus infection, through the downregulation 
of both Atg4B and Atg7 (Table 1 ). ATG4B and ATG7 are involved 
in the conversion of proLC3 to LC3-I to LC3-II and back to LC3-I, 



a process that regulates autophagosome maturation and fusion of 
autophagosomes with lysosomes [2], suggesting that infection 
leads to inhibition or dampening of these processes. Notably, 
MAP1LC3B was significantly upregulated, with fold level changes 
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correlating to the decreases in ATG4B and ATG7 transcription 
(Table 1). The upregulation of MAP1LC3B is considered a marker 
of autophagy inhibition. 

Further evidence to support the dampening effect on auto- 
phagosome-lysosome fusion comes from the downregulation of 
LAMP!, CTSD and CTSS (Table 1). LAMP!, also known as CD107a 
(Cluster of Differentiation 107a), is a critical lysosomal adaptor 
protein that is involved in the interaction and fusion of the lyso- 
somes with various cell components [2,42]. Moreover, deficiencies 
in both cathepsin D (CTSD) and cathepsin S (CTSS) have been 
shown to result in accumulation of autophagosomes and impair- 
ment of autolysosome degradation [43,44]. Interestingly, in a pre- 
vious study investigating the changes in protein expression upon 
infection with C. concisus, cathepsin D was also identified to be 
downregulated [19], indicating that these changes are reflected 
at the protein level. Collectively, these results show a dampening 
effect on autophagosome maturation and autophagosome-lyso- 
some fusion, suggesting C. concisus may utilize autophagic vesicles 
that have not matured for its intracellular survival. Similarly, the 
closely-related pathogen C. jejuni forms the CCV that associates 
with the early endosomal markers Rab 4 and 7 to escape lysosomal 
degradation [7]. 

3. Conclusions 

This study has shown for the first time that autophagy plays an 
important role in modulating the intracellular levels of C. concisus 
strains. Moreover, our results would suggest that differences in the 
intracellular levels of C. concisus strains are associated with the 
ability of these strains to interact with the autophagy process, with 
some strains being able to evade destruction by autophagy more 
efficiently than others. Previous studies by our group would sug- 
gest that the increased ability of C. concisus to survive intracellu- 
larly might be due to four conserved genes on a plasmid within 
some strains [19,21]. Thus, it is plausible that these C. concisus 
genes may interact with the host autophagy process to enhance 
the intracellular survival of this bacterium. Interestingly, C. conci- 
sus has been associated with Crohn's disease (CD) [16,23]. Given 
that polymorphisms in the autophagy genes ATG16U and IRGM 
are known to confer susceptibility to CD [24,45] and that an in- 
creased number of autophagosomes are observed in CD patients 
[46], further investigation of the role of C. concisus as an initiator 
of this disease should be the focus of future studies. 

4. Materials and methods 

4.1. Bacterial strains and growth 

The four C. concisus strains UNSWCD, UNSWCS, ATCC 51562 and 
BAA-1457 were used in this study. UNSWCD and UNSWCS were 
isolated as part of previous studies [16,20] which were approved 
by the Research Ethics Committees of the University of New South 
Wales and the South East Sydney Area Health Service-Eastern 
Section, Sydney (Ethics No.: 06/164). ATCC 51562 and BAA-1457 
were purchased from the American Type Culture Collection. 
C. concisus strains were grown on Horse Blood Agar (HBA) plates 
[Blood Agar Base No. 2 supplemented with 6% defibrinated horse 
blood (Oxoid)], and incubated at 37 °C under microaerobic condi- 
tions with H 2 [generated using Campylobacter Gas Generating Kits 
(Cat. #. BR0056A, Oxoid; Adelaide, SA, Australia)] for 48 h. 

4.2. Cell culture 

The human intestinal epithelial cell line Caco-2 (American Type 
Culture Collection; HTB-37) was used in this study. Cells were 



grown in 10 ml cell culture media comprised of Minimum Essential 
Medium (MEM) (Life technologies; Mulgrave, VIC, Australia) sup- 
plemented with 10% FBS, 1 mM sodium pyruvate, 0.1 mM non- 
essential amino acids, 2.25 mgl" 1 sodium bicarbonate and 
100 jig ml -1 penicillin and streptomycin (Life technologies) in 
25 cm 2 tissue culture flasks (In Vitro Technologies; Noble Park, 
VIC, Australia) at 37 °C with 5% C0 2 . Cell viability was determined 
by performing a cell count on the trypsinized cells using a haemo- 
cytometer and 0.4% trypan blue (Sigma Aldrich; Castle Hill, NSW, 
Australia). 

4.3. Determination of intracellular levels of C. concisus using 
gentamicin protection assays 

Cells were seeded at a concentration of 5 x 10 5 cells ml" 1 into 
24-well plates and incubated for 2 days at 37 °C with 5% C0 2 . Prior 
to seeding, the wells were coated with 1 ml collagen 
(0.338 mgml" 1 ) and incubated for 20min at 37 °C with 5% C0 2 . 
Monolayers were infected with the bacteria at a Multiplicity of 
Infection (MOI) of 200. Following the addition of the bacteria, the 
24-well plates were centrifuged at 232g for 5 min to promote bac- 
terial-human cell contact. Infected monolayers were then co-incu- 
bated with the bacteria for 6 h at 37 °C with 5% C0 2 to allow 
adherence and invasion to occur. Invasion assays were performed 
as previously described by Man et al. [20]. To examine the effect 
of incubation conditions on invasion levels of C. concisus, infected 
monolayers were either incubated for 6 h at 5% C0 2 (aerobic) or 
under microaerobic conditions with H 2 (generated using Campylo- 
bacter Gas Generating Kits). To examine the effect of autophagy 
inhibition on intracellular levels of C. concisus, 5 mM or lOmM 
3-methyladenine (3-MA), 10 nM banTomycin A-l or 100 nM wort- 
mannin (Sigma Aldrich) were added to the monolayer 1 h prior to 
the addition of the bacteria. To examine the effect of autophagy 
induction on intracellular levels of C. concisus, rapamycin or chloro- 
quine diphosphate (CQD) (Sigma Aldrich) were added to the mono- 
layer at concentrations of 200 nM and 50 uM, respectively, 14 h 
prior to commencement of the assay. Statistical analyses were per- 
formed using a one-way or two-way ANOVA with a post hoc Dun- 
nett's test employing GraphPad Prism version 5.0 (GraphPad 
Software; San Diego, CA, USA). 

4.4. Determination of the effect of chloroquine diphosphate on the 
ability of Caco-2 cells to exocytose C. concisus 

To examine the effect of CQD on the ability of Caco-2 cells to 
exocytose C. concisus, Caco-2 cells were seeded as previously de- 
scribed, and infected with C. concisus UNSWCD at a MOI of 200 
for 6 h. Following the incubation period, monolayers were washed 
with media without antibiotics three times and exposed to 
200 jig ml" 1 gentamicin for 1 h to remove any extracellular bacte- 
ria. After gentamicin treatment, the cells were washed with media 
without antibiotics three times, and 50 uM CQD was added to the 
respective wells and incubated for 1 h. The supernatant was col- 
lected and extracellular bacteria were quantified using a drop plate 
count method on HBA plates. The intracellular bacteria were also 
quantified. 

4.5. Determination of the effect of chloroquine diphosphate on C. 
concisus viability 

C. concisus was grown in a broth medium consisting of Brain 
heart infusion (BHI) (Oxoid), 10% FBS, and CQD at concentrations 
of 0 uM, 25 uM, 50 jiM, and 100 uM for 24 h under microaerobic 
conditions. Bacterial viability was quantified by serial dilution with 
PBS on HBA plates using a drop plate count method. 
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4.6. Detection of autophagosomes and bacterial co-localization 
through confocal microscopy 

Caco-2 cells were grown at 37 °C with 5% C0 2 on 13 mm poly-L- 
lysine coated glass cover slips (Thermoline Scientific; Wetherill 
Park, NSW, Australia) in 24-well plates at a concentration of 
5 x 10 5 cells per well for 48 h. Cells were infected with C. concisus 
UNSWCD at a MOI of 200 for 6 h. As a positive control for auto- 
phagosome formation, Caco-2 cells were treated with 50 jiM CQD 
for 14 h prior to commencing the assay. To investigate autophagy 
inhibition, 5 mM and lOmM concentrations of 3-MA were used. 
Caco-2 cells were fixed in 3.7% formaldehyde and cells were then 
permeabilized using 0.2% Triton-X 100 in PBS for 15 min at room 
temperature. Autophagosomes were labelled with anti-LC3B 
mouse antibody (O.Sugml" 1 ) (Sigma Aldrich) and C. concisus 
UNSWCD was labelled with anti-C concisus rabbit sera (1:30) 
and incubated at room temperature for 1 h. The secondary anti- 
bodies anti-mouse antibody Alexa Fluor 594 (Sjigml -1 ) and 
anti-rabbit antibody Alexa Fluor 488 (5u,gml _1 ) (Life technolo- 
gies) were added for 1 h at room temperature. Specimens were 
visualized using an Olympus FluoviewTM FV1000 confocal laser 
scanning microscope (Olympus; North Ryde, NSW, Australia). 
Co-localization was measured by calculating Pearson's correlation 
coefficients (RTotal and Rcoloc values >0.5 are indicative of 
co-localization) using the Fiji software (http://fiji.se/Fiji). 

4.7. Detection of membrane alterations by scanning electron 
microscopy 

Caco-2 cells were grown at 37 °C with 5% C0 2 on 13 mm poly-L- 
lysine coated glass cover slips in 24-well plates at a concentration 
of 5 x 10 5 cells per well for 48 h. Cells were infected with 
C. concisus UNSWCD at a MOI of 200 for 6 h and samples were 
visualized on a Hitachi S3400-X Scanning Electron Microscope 
(Hitachi High-Technologies Corporation; Tokyo, Japan) as previ- 
ously described [20]. As a positive control of autophagosome 
formation, 50 uM CQD was added to the Caco-2 cells 14 h prior 
to commencing the assay. 

4.8. Detection of intracellular bacteria and autophagosomes by 
transmission electron microscopy 

Transmission electron microscopy (TEM) was employed to visu- 
alize and quantify intracellular C. concisus and determine their 
interactions with autophagosomes. Caco-2 cells were grown at 
37 °C with 5% C0 2 on 6-well plates at a concentration of 1 x 10 6 
cells per well for 48 h. Cells were infected with C. concisus 
UNSWCD at a MOI of 200 for 6 h and then collected using a cell 
scraper. As a positive control of autophagosome formation, 
50 uM of CDQ or 200 nM rapamycin were added to the Caco-2 cell 
culture media 14 h prior to commencing the assay. Samples were 
embedded in London Resin (LR) White (ProSciTech; Kirwan, QLD, 
Australia) and sectioned to ultra-thin levels of 70 nm using an 
Ultramicrotome EM UC6 (Leica Microsystems; North Ryde, NSW, 
Australia). Each grid was then stained via a positive staining meth- 
od using 8% uranyl acetate and Reynold's lead citrate (ProSciTech). 
Specimens were viewed using a JEOLJEM-1400 Transmission elec- 
tron microscope (JEOL USA Inc.; Peabody, MA, USA). The samples 
were analyzed at an acceleration voltage of 100 kV and 55 uA at 
calibrated magnifications. 

4.9. Quantitative PCRfor analysis of genes within the autophagy 
pathway 

Caco-2 cells were grown at 37 °C with 5% C0 2 on 6-well plates 
at a concentration of 1 x 10 6 cells per well for 48 h. Cells were then 



infected with C. concisus UNSWCD at a MOI of 200 for 6 h. RNA was 
extracted from the cells using the Isolate I RNA extraction kit (Bio- 
line; Alexandria, NSW, Australia). cDNA was prepared using a RT 2 
First strand cDNA synthesis kit according to the manufacturer's 
instructions (Qiagen; Chadstone Centre, VIC, Australia). The cDNA 
samples were then mixed with the RT 2 SYBR Green Fast Master 
mix (Qiagen), and aliquoted in equal volumes of 20 ul to each well 
of the Human Autophagy RT 2 Profiler™ (PAHS-084) array (Qiagen), 
which targets 84 genes related to the autophagy pathway. Tran- 
scription profiles were obtained from three independent experi- 
ments of C. concisus UNSWCD infected (test) and non-infected 
(control) samples. The threshold cycle (Ct) of each gene was deter- 
mined, and subsequently analyzed by the RT 2 Profiler PCR Array 
data analysis software. AACt values were determined following 
normalization of the data using a relevant combination of house- 
keeping genes provided within the array. Statistically significant 
values were defined as P < 0.05. 
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